An ex~erimental study has been carried out for the purpose of verifying theoretical predictions concerning the ~e~atlOns between to.tal ab~orptivities and total emissivities for transparent gases. The experimental conditIOns have been deSigned III such a way as to permit a direct check of theoretical relations derived for (a) nonoverlapping dispersion lines and (b) spectral lines with sufficient pressure broadening to permit neglect of the rotatio~al, fi?~ structure. A comparison between the emissivities derived from absorptivity measurements and emlsslvltles calculated from the spectroscopic constants of CO shows a good agreement (within 20% for most of the temperature range).
INTRODUCTION
T HE direct experimental determination of total emissivities for heated gases is notably difficult.I,2 For this reason, it is of interest to consider the development of indirect experimental procedures which yield equivalent data with simpler facilities. Recent theoretical studies 3 ,4 on the relations between gas absorptivities and emissivities have shown that it is possible to obtain estimates for total gas emissivities on relatively cool gases by using a hot light source, provided the spectral intensity distribution of the vibration-rotation bands is known independently. We have verified the theoretical predictions for two important models on CO, viz., for nonoverlapping dispersion lines and for rotation-vibration bands without rotational fine structure. We believe that judicious use of our procedure, in conjunction with careful theoretical interpretation of results, will permit more accurate emissivity determinations at elevated temperatures than are possible by the use of direct emission measurements.
As part of a larger program on the determination of gas emissivities at various temperatures and pressures, an apparatus has been constructed in which total gas absorptivities can be measured in the 0 to 700 psi pressure range at temperatures between 300 and 1000oK. Absorptivities were measured with the help of a greybody source the temperature of which could be varied between 300 and 1600 o K. The total absorptivity of a gas for blackbody radi- Appl. Phys. 28, 614 (1957) . ation is defined as the fraction of radiant energy absorbed by the gas. Theoretical expressions 3 ,4 relate the total absorptivity of the gas at temperature T g for radiation from a source at temperature T 8 to the total emissivity of the gas at the source temperature Ts. It is therefore possible to obtain total emissivities for different gas temperatures from total absorptivities observed at different source temperatures. In the present experiments the gas temperature was from 300 to 500 o K. Although a number of total absorptivity and emissivity measurements have been reported in the literature/ it was felt that an extension and revision of these mea:urements with modern instrumentation was needed, partlCularly if the experimental conditions could be chosen in such a way as to provide a direct experimental check of theoretical predictions. Most of the early emissivity and absorptivity measurements were made on flowing gas samples. The test cell in which the optical observations were made had no windows to confine the gas, which entered at the center of the cell and was drawn off at the ends. This procedure led to uncertainties in the emissivity data. Another difficulty was caused by the fact that the source radiation was not modulated in these experiments, with the result that the absorptivity measurements had to be corrected for radiation emitted from the gas.
In the present study, observations were made on a static column of gas confined in a cell having two peridase (MgO) windows. These windows are transparent in the wavelength range from 0.3 to 7 p. and are extremely hard and refractory. The incident radiation was modulated by a chopper situated between the source and the test cell. In this way, emission of radiation from the gas was eliminated from the detector output. measurements, and a temperature controlled test chamber. Both the optical system and the test chamber were enclosed in a vacuum (see Fig. 1 ). The light source consisted of a water-cooled globar obtained from the Perkin-Elmer Company. Light from the globar was focused by mirror Ml on the absorption cell. After traversing the cell the light was reflected from a plane mirror M2 and condensed with the help of the parabolic mirror M 3. A sodium-chloride window in the wall of the vacuum tank enclosing the source and the test cell assembly transmitted the light from the parabolic mirror and permitted it to fall on the entrance slit of a Perkin-Elmer Model 98 monochromator. A thermocouple detector was used in the monochromator. The monochromator was used for inspection of the purity of the gas under study and for detection of residual gases in the path of the radiation. For total absorptivity measurements the radiation was allowed to reach the detector of the monochromator without passing through the prism. The monochromator could be used conveniently for measurements of both spectral and total absorptivity, after it was modified in the following way. A plane mirror was mounted in the parallel beam leaving the parabolic mirror which illuminates the prism of the monochromator. When the additional plane mirror was in a position normal to the beam, no radiation could pass through the prism and the exit slit received the radiation in undispersed form. With this arrangement total radiation measurements were recorded. By swinging the added plane mirror out of the beam, the instrument could be used for spectral absorption measurements.
DESCRIPTION OF THE APPARATUS USED FOR MEASURING TOTAL GAS ABSORPTIVITIES
The radiation was modulated at 13 cps with a standard Perkin-Elmer chopper. The chopper assembly with its rectifying contacts was placed in the vacuum a short distance from the light source. A shutter, which was operated from outside the vacuum chamber, could be raised into the beam in a position between the light source and the chopper.
Commercially available gas supplies were used.
Mixtures of the absorbing gas and an inert gas (He, N 2, or A) were prepared in a high-pressure cell where the gases were mixed by using a mechanical stirrer. Pressures up to 1000 psi could be maintained in the mixing cell. Pressure readings were performed by the use of an Ashcroft test gauge Model 1850 for the pressure range of 0 to 1000 psig, with a precision of ±2.S psig. In the pressure range of 0 to 7 S psia, a compound Crosley gauge Model AAO was used with a precision of ±O.S psia. A Pirani vacuum gauge (Consolidated Electrodynamics Company Type 2201-03) was used for estimating the pressure in the range of 0 to 1 mm of mercury. The best vacuum was obtained with a Kinney pump Model KC-S and corresponded to a pressure of 5XIO--3 mm of mercury. The mixing chamber was connected to the absorption cell inside the vacuum tank by a line which passed through the wall of the tank. The absorption cell was machined from pure nickel and had an over-all length of 6 cm. Two periclase windows with a diameter of 2S mm and a thickness of 6 mm were situated at opposite ends of the cell. They were kept at a distance of 3 cm by a nickel spacer. The periclase material for the windows was obtained from Norton Company in the form of large "magnorite" crystals. These were cut and ground to the desired shape by the E.C.L. Laboratories in Pasadena. The windows were sealed against the walls of the test cell with Teflon or Flexitallic gaskets. The free central area of the windows was 13 mm in diameter.
The absorption cell was situated in a closely fitting electric furnace of cylindrical shape which was 60 em long and was wound with 20-gauge Nichrome wire. The furnace was surrounded by a cylindrical shield of zirconium oxide which was provided with a water-cooled jacket. The temperature inside the furnace was monitored with a pair of Chromel-Alumel thermocouples which were connected to a Leeds and Northrop Speedomax H temperature control unit. Two additional Chromel-Alumel thermocouples were used to measure the temperature inside the furnace. The temperature in the vicinity of the test cell was constant to within ±soC.
OPERATING PROCEDURE
The tank containing the optical system was evacuated to a pressure of SOX 10--3 mm of Hg and the monochromator was flushed with dry N 2 • The furnace was heated to the desired temperature and the temperature of the source was set to the desired value. The spectrum of the light source was recorded with the help of the spectrometer and was continuously examined in the regions of atmospheric absorption. The 2. 7 /.I. band of H 20 and the 4.3 /.I. band of CO2 were gradually eliminated as the optical path was purged of these two gases. Usually no absorption was present in the globar spectrum after an hour of pumping and flushing. The monochromator was then prepared for taking total radiation measurements by interposing the plane mirror in the parallel beam inside the monochromator and by opening the slits to a width of 2 mm. The temperature of the light source was determined and its total emissivity was recorded on the spectrometer. The gasmixing system and the absorption cell were then evacuated to a pressure of 5XlO-3 mm of Hg. A gas mixture was prepared at about 700 psig in the mixing chamber and bled into the test cell. The resulting total pressure in the test cell was 500 psig. The decrease in light transmission through the cell accompanying the introduction of the gas into the optical path was recorded on the spectrometer. The pressure in the test cell was decreased to 1 atmos and a new level of transmitted radiation was recorded. In this way the gas mixture was used for making both high-pressure (overlapping-line spectrum) and low-pressure (nonoverlapping-line spectrum) absorptivity measurements. Finally the cell was evacuated and the original source intensity was again obtained. The zero point of the recorder scale was determined by interposing the shutter in the light beam. The accuracy of the recorded intensities was ±0.5%.
A series of such measurements for various gas mixtures at constant source and furnace temperatures was taken. The source temperature was then changed and a new series of gas mixtures was allowed into the test cell. In this way a large range of operating conditions was covered. Finally, the furnace temperature was changed and the previously described measurements were repeated.
PERFORMANCE OF THE APPARATUS
In discussing the performance of the apparatus a number of points deserve special attention.
Stability of the Light Source
The globar required a well-regulated current in order to produce a stable radiation output. When the globar voltage was provided through a Variac which received its input from a Sola constant voltage transformer, the radiation output varied in an irregular manner. Good stability was obtained when a number of 10-25 Amperite ballast tubes was put in series with the globar. The ballast tubes kept the current constant over a wide range of input voltages. A variable shunt across the globar was used to change the source temperature; the total current was kept constant while the globar current was set at any desired lower level.
Blackness of the Light Source
Recent studies 6 have established that, within close limits, the globar is a graybody with an emissivity of 0.75 in the 0.6 to 15 J.I. wavelength region. To a first approximation, the emissivity is independent of the temperature at which the globar is operated. The total the relation, where (F is the Stefan-Boltzmann constant, R>(w,Ts) is the spectral blackbody radiancy at the temperature T s and in the wave-number interval between wand w+dw, X is the optical depth of the gas, and P",.Tg represents its absorption coefficient at the wavenumber w and the temperature Tg. It is obvious that the expression for a is the same for a gray source as for a blackbody.
Since the emissivity of the globar is known, its temperature Ts may be determined with the help of an optical pyrometer. The brightness temperature Tb obtained with such a pyrometer is related to the true temperature Ts by the relation
where e), is the emissivity of the light source at the wavelength X, and C2 is the second radiation constant. In this expression Ts is not a very sensitive function of e),. The pyrometer, which employs a filter of wavelength X=0.651-', therefore gives a fairly accurate estimate of T. (±3°C in the range of 700 to 1600°C) even if the emissivity is not known with a precision greater than ±0.05.
The measurements of Tb were carried out with a Leeds and Northrop optical pyrometer Model 8622-C, which operated in the temperature range between 760 and 2800°C. Below 760°C, the temperature T. was determined with a Chromel-Alumel thermocouple attached to the globar.
Long Wavelength Cutoff
The wavelength selective properties of the optical system will now be examined. It is apparent from the definition of ex that true values of the total absorptivity will be recorded by the detector only if the following conditions are met: a. The light source is black (or grey). b. The optical system between source and detector is neutral, i.e., it has a transmissivity which is independent of wavelength. c. The detector is black (or gray).
The first and last conditions were met in the present apparatus. However, the periclase windows are opaque beyond 7 J..I. The fraction of blackbody radiation which lies beyond 7 J.I. is easily calculated from Planck's radiation formula. 6 The apparent absorptivity data may then be corrected by taking this effect into account. The maximum correction to a amounts to 40%.
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Influence of Slit Width TOTAL ABSORPTIVITY MEASUREMENTS FOR CO
When the monochromator was used for recording total radiation, the amount of light falling on the thermocouple detector was many orders of magnitude larger than the corresponding amount of dispersed radiation. It was necessary to close down the slits of the monochromator to widths of less than 50 jJ. in order to avoid overloading of the thermocouple. However, for these small slit widths the absorptivity was found to depend on the value of the slit width. The smaller the slit width, the smaller the value of the recorded absorptivity. It is reasonable to assume that strong diffraction of long wavelengths takes place at the stops of the system, with the result that a smaller fraction of long wavelength radiation was received by the detector than was contained in the original beam. The apparent dependence of absorptivity on slit width disappeared when very wide slits (2 mm) were used and the radiation was attenuated by aperture stops on the optical elements of the monochromator.
Emission of Radiation by the Chopper
If the chopper is heated to a temperature TelL during operation, its modulated radiation will reach the detector and cause a negative signal. Assuming the chopper to radiate as a blackbody, the net modulated flux falling on the detector is proportional to
Fl=uTs4-uTeh\
when it is receiving radiation of a blackbody source at temperature T •. With the shutter (at temperature T 8IL ) between the source and the chopper a zero reading is recorded which is proportional to Here the shutter is also assumed to have blackbody properties. The difference
F]-FO=/IT84-uT8h4
is usually taken as a measure of the intensity of the light source. When the shutter is removed and a gas of total absorptivity a(T8,X,Tg) is placed in the path of the radiation, the detector receives a flux proportional to (1-a)uT.4-(1-a') uT. h\ where a' indicates the total gas absorptivitya'(Tsh,X,Tg) for a source of temperature T sh • The measured fractional transmission is now given by It is seen that this expression reduces to the desired value of (1-a) only if T8IL«T •. A careful experimental evaluation has shown that the emission of radiation from both the chopper and the shutter was negligibly small compared with /IT.4 for the temperatures employed in our studies.
The gas used in the present study was c.P. grade CO obtained from the Matheson Company. It had a nominal purity of 96.8% and contained 0.36% of CO2, 1.0% of N 2, 0.97% of H 2, and 0.8% of saturated hydrocarbons. The small amount of CO2 gave rise to a strong absorption band at 4.3 jJ.. Since no absorption bands other than the bands under study are permissible in a total absorptivity determination, the CO2 had to be completely removed. This was achieved by forcing the gas through a tube containing ascarite, which proved to remove CO2 very effectively even when a large volume of gas was passed over it in a very short time interval.
A set of total absorptivity measurements on CO-A mixtures was made at a total pressure of 1 atmos. Previous studies have established 7 that no appreciable overlapping occurs between lines of the vibrationrotation bands at this pressure for optical thicknesses between 0 and 10 cm-atmos. The total absorptivity was measured as a function of T s , T g , and X. From these data the total emissivity was calculated using the following relation for nonoverlapping dispersion lines with regular spacing and constant collision half-width 4 :
The results of the calculation are presented in Fig. 2 . The total emissivity is plotted as a function of absolute temperature for optical thicknesses of 1, 2, and 10 cmatmos. The circles indicate theoretically calculated CO emissivities based on a nonoverlapping line model with a half-width of 0.031 cm-1-atmos-1. 8 ,9 It is interesting to note that, apart from some points in the diagram for X = 10 cm-atmos, the experimental results agree with the theoretical curve within the limits of experimental accuracy. The experimental data of Ullrich 2 have not been included since they were higher by about a factor of two.
A second set of observations on CO-A and CO-He mixtures was made at total pressures of 35 and 18 atmos, respectively. It has been established 7 that for gas pressures above 18 atmos and at room temperature the rotational fine structure of the vibration-rotation bands may be neglected if the optical thickness is above 1 cm-atmos. Total emissivity was calculated by using the following relation between total absorptivity and total emissivity for the case of overlapping rotational lines [reference 3, Eq, (24) culated total emissivities for CO, assuming overlapping lines.lO Also indicated are the present results for argonbroadened CO at a total pressure of 35 atmos and the results for helium-broadened CO at a total pressure of 18 atmos. Reference to Figs. 3 and 4 shows that reasonably good agreement is observed for high optical depths although above 900 0 K the experimental points fall below the theoretical curves. This is to be expected since the assumption of overlapping lines fails to apply at high temperatures for which the number density of emitters is low and the half-width of the (collisionbroadened) lines is small compared with the half-width at room temperature. The assumption of overlapping lines fails to apply also at low optical depths, causing the experimental points to fall below the theoretical curve in Fig. 3(a) . It is interesting to note that the emissivities obtained using helium as a pressurizing gas lie below those using argon, in agreement with the relative half-width estimates for these two broadening agents.
9 This effect is less noticeable below 900 0 K since in this temperature range and for the total pressures used, both gases are adequately effective in smearing out the fine structure of the spectrum.
